Transverse chromatic aberration (TCA) smears retinal images of peripheral stimuli. In reading, text information is extracted from both foveal and near fovea, where TCA magnitude is relatively small and variable. The present study investigated whether TCA significantly affects near foveal letter identification. Subjects were briefly presented a string of five letters centered one degree of visual angle to the left or right of fixation. They indicated whether the middle letter was the same as a comparison letter subsequently presented. Letter strings were rendered with a reddish fringe on the left edge of each letter and a bluish fringe on the right edge, consistent with expected left periphery TCA, or with the opposite fringe consistent with expected right periphery TCA. Effect of the color fringing on letter recognition was measured by comparing the response accuracy for fringed and non-fringed stimuli. Effects of lateral interference were examined by manipulating inter-letter spacing and similarity of neighboring letters. Results demonstrated significantly improved response accuracy with the color fringe opposite to the expected TCA, but decreased accuracy when consistent with it. Narrower letter spacing exacerbated the effect of the color fringe, whereas letter similarity did not. Our results suggest that TCA significantly reduces the ability to recognize letters in the near fovea by impeding recognition of individual letters and by enhancing lateral interference between letters.
Introduction
Human ability to recognize a visual stimulus, or visual acuity, decreases with greater image eccentricity from the fovea (Berkley, Kitterle, & Watkins, 1975; Dakin & Hess, 1997; Low, 1951) . Numerous studies have identified retinal neuronal density and cortical magnification as the main factors for determining visual acuity in periphery (Cowey & Rolls, 1974; Croner & Kaplan, 1995; Hirsch & Curcio, 1989) , but achromatic and chromatic optical aberration have also been shown to affect visual acuity across the retina (Anderson, Mullen, & Hess, 1991; Banks, Geisler, & Bennett, 1987; Campbell & Gubisch, 1966; French, Snyder, & Stavenga, 1977; Ogboso & Bedell, 1987; Williams, 1985) .
Transverse chromatic aberration (TCA) results from chromatic dispersion and causes a wavelength-dependent displacement in the retinal image (Howarth, 1984; Marcos, Burns, Moreno-Barriusop, & Navarro, 1999; Rynders, Lidkea, Chisholm, & Thibos, 1995; Thibos, Bradley, Still, Zhang, & Howarth, 1990) . Fig. 1A shows how chief rays from two light sources, away from the achromatic axis, are refracted at the principle plane of the lens in a reducedeye model (Thibos et al., 1990) . The short wavelength (blue) is refracted more than the long wavelength (red) light. Therefore, for a stimulus in the left periphery, TCA could cause a perceivable bluish band at the right edge of its retinal image, and a reddish band at the left. When the stimulus is in the right periphery the opposite effect is expected. The amount of TCA increases with greater retinal eccentricity. TCA magnitude can be predicted from the different refractive properties of the ends of the visible spectrum (434 nm vs. 687 nm) at different eccentricities, as shown in Fig. 1B (Howarth, 1984; Marcos, Burns, Prieto, Navarro, & Baraibar, 2001; Ogboso & Bedell, 1987; Rynders et al., 1995; Simonet & Campbell, 1990; Thibos, 1987; Thibos, Cheney, & Walsh, 1987; Thibos et al., 1990) . In line with this prediction, empirical studies have shown TCA to be small in the fovea and increasingly larger with greater eccentricity, although substantial discrepancy has been observed between the predicted and observed TCA that were measured with resolution acuity and detection acuity (minimum angle of resolution and detection for luminance gratings, Thibos et al., 1987) , as well as vernier acuity (two-dot vernier, Westheimer, 1982) , as shown in Fig. 1B (Thibos et al., 1990) .
The effect of TCA on individual's everyday visual performance, such as reading, has received little scrutiny. The human visual system can only extract detailed visual information, such as letter identify, from a limited visual span. As noted in Fig. 1B , in English reading the processing of letter identity is limited to within 4°of eccentricity in the right periphery, and is thought to be even smaller (less than 2°) in the left (McConkie & Rayner, 1976) . Correspondingly, as shown in Fig. 1C , a letter placed at 2.8°0 eccentricity would only generate an aberration of 0.9 min of arc (1/ 3 pixel or a sub-pixel displacement with 50 cm viewing distance), and 2.7 min of arc (1 full pixel) for 8°eccentricity. The predicted TCA effect within this range therefore appears quite small, suggesting that the smearing of letter image associated with the TCA might not be significant enough to affect reading performance. In line with this, some recent studies have shown that the effect size of TCA on visual acuity in the near fovea is small and highly variable among individuals (Rynders et al., 1995; Williams, 1985) , and it is difficult to ascertain the contribution of TCA to reduced visual acuity in the near fovea compared to other optical factors (Marcos et al., 2001) . Therefore, being able to reliably measure how the TCA affects text processing in the near fovea would benefit our understanding of the complex variables at play during reading.
In addition to smearing the image of individual letters in the near fovea, TCA also likely affects letter processing by increasing lateral interference, or crowding effect, from adjacent letters (Bahcall & Kowler, 1999; Bouma, 1973; Johnson & McClelland, 1980) . Here lateral interference refers to the negative impact adjacent letters have on the identification of a target letter. TCA might enhance lateral interference in two critical ways. First, the color fringe created by the TCA likely reduces the amount of inter-letter spacing. CT-rendered letters within a word therefore might appear connected physically, and this would lead to difficulty in segmenting individual letters or chunking them into meaningful units (Johnson & McClelland, 1980) . Second, the color fringe likely degrade the structure of individual letters so much that visual features from individual letters are erroneously integrated. This would lead to the difficulty in correctly identifying individual letters or result in the misidentification of these letters (Bahcall & Kowler, 1999; Bouma, 1973) .
To investigate the contribution of TCA in determining letter recognition ability in the near fovea, we asked subjects to view a string of letters presented in the near fovea and to identify the middle letter. Letter strings were centered at 1°to the left or to the right of fovea, with the entire string occupying a 2°visual span. TCA effects were measured based upon response accuracy to letters with artificial horizontal color fringes. The color fringe was expected to exacerbate or reduce the accuracy of letter recognition depending upon the presentation location relative to the fovea. This allowed the TCA effect to be measured independently of other optical factors. We also manipulated the inter-letter spacing and the similarity of neighbor letters. Color-fringed letters should produce a greater amount of lateral interference when inter-letter spacing is narrowed, and when neighboring letters are more similar to the target letter, making identification of the target letter more difficult.
Methods

Subjects
Thirty-one native English speakers (34% male, average age: 23.7 yrs) with normal or corrected visual acuity of 20/20 or better, were recruited from the Pacific University community for either monetary compensation or for course credit. Before participating in the experiment, each subject read and signed a consent form approved by the Pacific University Institutional Review Board for Human Subjects.
Materials
Twelve hundred five-letter strings were created as test stimuli. The image of each string was created with one of the four rendering methods, Black&White (B&W), Grayscale (GS), RGB-ordered ClearType (RGB-CT), and BGR-ordered ClearType (BGR-CT). The four neighboring letters in the letter strings (beside the middle letter) were sampled from the same group of letters (aceos, bdhk, gpqy, fijlt, mnur, and wvxz). The inter-letter spacing was created with the default (narrow) spacing (2 pixels or 5.4 min of arc with a 50 cm viewing distance) or double (wide) spacing (4 pixels or 10.8 min of arc). Eleven-point Consolas font (each letter extending 7 pixels or 18.7 min of arc horizontally) was chosen to render the letter strings because it is mono-spaced, thus permitting more precise control of the lateral interference effect within a letter string. (687 nm), and the observed TCA effects on visual acuity based on resolution, detection, and vernier threshold, as depicted in Thibos et al. (1990) on page 45. Also illustrated is the assumed visual span in reading in the right periphery (McConkie & Rayner, 1976) . (C) Expected TCA effect sizes at 2.8°and 8°eccentricities and their relative ratios to different font sizes. One third of a pixel (or one sub-pixel) and one full pixel displacement between blue and red images were expected for these two eccentricities respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Each single pixel on a color liquid crystal display (LCD) consists of three sub-pixels, ordered from left to right either as red, green, and blue (RGB) or as blue, green and red (BGR). Most of current LCD monitors are of RGB configuration. In the present study, an LCD screen with RGB sub-pixels was used to display the stimuli. The luminance of the three sub-pixels can be independently controlled to shift the apparent position or the orientation of a line. The differential luminance of these sub-pixels cannot be discerned visually but in aggregate appears as a single color pixel to the human eye due to neural spatial integration.
On a computer screen, a character with small font size appears jagged due to the pixel configuration of the computer displays and is much more difficult to recognize compared to the character printed on paper. An anti-aliasing method can be employed to smooth the text appearance by differentially tuning the luminance of individual pixels or sub-pixels adjacent to the character stroke. Current text-rendering methods for LCD display (e.g., ClearType or CT) use anti-aliasing to smooth horizontal text appearance by manipulating the light intensity of individual sub-pixels; however, this creates horizontal color fringes around letters. Depending on the direction of graded light intensity, text rendered in RGB-ordered ClearType (RGB-CT) shows a red fringe on the left and blue on the right, while CT text rendered in BGR-order (BGR-CT) creates the opposite with the blue fringe on the left and red on the right. Fig. 2A shows example RGB-CT and BGR-CT letters employed in the current study. Both the enlarged images (upper panel) and their positions in relation to LCD sub-pixels (lower panel) are shown. Images were generated using a special program ''CTRAS" developed by Microsoft to manipulate CT text-rendering settings. The program enables control of both text-smoothing and colorfringing characteristics. As shown in Fig. 2A , the color-fringed sub-pixels create an anti-aliasing effect by filling in the jagged letter strokes to approximate the appearance of the stroke on printed material. The Gaussian filtering was set at the highest level, which One full sub-pixel of shift, which equals 0.9 min of arc, is expected to be generated by TCA. Note that the illustration reflects the direction but not the precise sub-pixel shift. (C) Example letter strings with different types of font rendering and letter spacing. The degree of visual angle for default and double spacing is illustrated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) created the largest difference in the light intensity between the three sub-pixels to maximize the intensity of color fringe.
Fig . 2B shows the expected effects of TCA on the retinal image of RGB-and BGR-rendered text. It shows the size of color fringe (1 pixel or 2.7 min of arc), horizontal letter size (6 pixels or 16.2 min of arc), and the size of inter-letter space (normal: 2 pixel or 5.4 min of arc; wide: 4 pixel or 10.8 min of arc) for CT letters. The amount of image alteration due to TCA shown here is based on the expected TCA effect at 1°eccentricity (.33 min of arc, as predicted in Fig. 1B ; empirical observations suggest however, a .28 arc min effect, see Thibos et al., 1990) . Fig. 2C shows example letter strings rendered in Black&White (B&W), Grayscale (GS), RGB-CT, and BGR-CT, with normally-or double-spaced 11-point Consolas font. The different reddish and bluish colors in RGB-CT and BGR-CT text shown here are the results of different ratios of light intensities of red, green, and blue sub- Fig. 3 . Experimental paradigm. In each trial, a letter string is displayed at the left or right of fixation point, with the center of the letter string 1°away from the fixation point. Letter position (left or right), inter-letter spacing (default or doubled) and the similarity of neighbor letters (within or between letter group) were alternated randomly from trial to trial. pixels. A stronger light from the red sub-pixel compared to the blue sub-pixel would lead to a more reddish appearance. Aliased B&W text was used as the control condition for measuring the effect of both color fringe and anti-aliasing characteristics. For rendering B&W letters, the three sub-pixels were turned on or off together in relation to the background, resulting in only two levels of light intensities, which removed both the anti-aliasing smoothing and the appearance of color fringe. GS images are anti-aliased without color fringing and were created to measure the effect of color fringing independent of the anti-aliasing effect. GS images were given similar anti-aliasing as CT-rendered images by differentially tuning the light intensity of individual pixels to smooth the letter appearance; color fringing was avoided by tuning the intensity of all three sub-pixels to the same level for each pixel. As result, the effects of color fringe and anti-aliasing can be independently examined by comparing recognition of the same letter rendered in CT (colorfringed and anti-aliased), GS (anti-aliased but not color-fringed), and B&W (no color fringe and aliased).
Note however that, due to the implementation of anti-aliasing, the physical extent of CT and GS letters was 1-2 pixels wider than B&W text, although the main body of the letter (black stroke) was identical. The spacing between letters was adjusted accordingly so that the distance between the centers of adjacent letters in these four conditions was the same, although the distances between the adjacent letter borders may vary.
Apparatus
A Pentium 1.8 GHz Dell personal computer was used to conduct the experiment and generate the stimuli. Experiment Builder software (SR Research, 2008 ) was used to script the experiment and control the progress of trials. A 19" LCD monitor with RGB sub-pixel order (1024 Â 768 pixel screen resolution) with a 60 Hz vertical refresh rate was used to display the image. A chin-forehead rest was used to stabilize the subject's head and to maintain the viewing distance (50 cm) and angle (perpendicular to the screen surface).
Procedure
The experiment lasted for about one hour. Each subject conducted forty blocks of trials and brief breaks were arranged between trial blocks. In each block, the subject completed 30 trials. Fig. 3 shows the stimuli sequence for a trial in which one of the four attributes was varied (font rendering, letter position, letter spacing, and neighbor similarity). Each trial began when the subject pressed the space bar to bring up a fixation point. The lowercase 5-letter string was displayed at one of the two near foveal positions 500 ms after the onset of the fixation point. Presentation time for the near foveal letter string was limited to 120 ms in order to prevent saccadic foveation. Two hundred milliseconds after the offset of the letter string, an uppercase comparison letter was displayed in the center of the screen indefinitely. The use of uppercase comparison letters was to allow the accuracy of lexical decision while reducing direct visual priming effect from letters in the string. Subjects used the keyboard to indicate whether the middle letter in the 5-letter string presented near foveally was the same as the comparison letter that followed the string. They were asked to respond as accurately as possible and no time limit was imposed for making a response. This subject response terminated a trial, and the next trial began 500 ms later. The four different letterstring attributes were randomized across trials. In order to discourage and account for guessing, the comparison letter was set to have 50% chance of being the same as the middle letter in the string. The neighboring letters could be one of the six letter groups but never the same as the middle letter. The frequency of the letter groups were the same so that there was a 16.7% chance that the neighboring letters in the string belonged to the same letter group as the middle letter, and an 83.3% chance they did not.
Data analysis
Correct response percentages were calculated based on font rendering, letter position, letter spacing, and letter similarity. Repeated measures ANOVAs were used to evaluate the within-subject effect of font rendering on response accuracy in relation to letter position, letter spacing, neighbor similarity and visual acuity. Mauchly's test of sphericity was conducted to determine if the variance of response accuracy in each condition is equal and a significant violation of such assumption was treated with GreenhouseGeisser correction (Vonesh & Chinchilli, 1997) . Choice probability (CP) analysis for individual performance was conducted, based on the percentages of correct responses and false alarms for each subject (Green & Swets, 1966) . A mean CP for all subjects was generated for each condition using the following equation:
In the above, p ix and p iy are the percentages of false alarm and correct hits for subject i in a specific condition. Parameter k is the number of subjects.
Results
Response accuracy
Response accuracy was computed in relation to font rendering methods (B&W, GS, RGB-CT or BGR-CT), letter position (left or right), letter spacing (normal or wide), and letter similarity (similar or dissimilar). Results of four-way repeated measures ANOVAs show that there was a significant effect from font rendering (F(3, 72.371) = 8.090, p < .001) and spacing (F(1, 30) = 38.085, p < .001), but not letter position (F(1, 30) = .415, p = .525) and letter similarity (F(1, 30) = 1.012, p = .137). There were interactions between spacing and letter position (F(1, 30) = 34.706, p < .001), spacing and font rendering (F(3, 71.139) = 4.162, p = .013), letter position and font rendering (F(3, 69.380) = 7.988, p < .001). There were no interactions between letter similarity and font rendering (F(3, 50.755) = 2.596, p = .077), letter position and similarity (F(1, 24) = .086, p = .772), and letter spacing and similarity (F(1, 47.232) = .816, p = .373). There was significant three-way interaction among letter rendering, letter position and letter spacing (F(3, 49.332) = 73.612, p < .001) but not among letter rendering, letter position, and letter similarity (F(3, 50.715) = 1.203, p = .313) or among letter position, letter spacing and letter similarity (F(3, 42.623) = 0.943, p = .523). No four-way interaction was found (F(3, 41.628) = 1.412, p = .308).
3.1.1. Letter rendering Â letter position Â letter spacing Fig. 4 illustrates the correct percentages based on font rendering, letter position, and letter spacing. In the figure, the percentages are statistically different (a < .05) if their respective boxes do not overlap with each other. In Fig. 4A , when the letter string was presented to the left and the spacing was narrow, artificial color fringing affected response accuracy significantly (BGR- Fig. 4B , when the letter string was presented to the right and the spacing was narrow, the opposite effect was found (RGB-CT > B&W > BGR-CT = GS). Fig. 4C and D depict results from letters with wide spacing. The effect of color fringing was similar but smaller in the right periphery and non-significant compared to B&W in the left periphery, although the difference between RGB-CT and BGR-CT was significant respectively.
CT = GS > B&W = RGB-CT). In
Note that in all conditions GS letters had similar effect to that of BGR-CT. However, since GS has no color fringing, the effect cannot be attributed to TCA but rather to the anti-aliasing characteristics that might also affect letter recognition (see Section 4).
Letter rendering x letter position x letter similarity
Fig . 5A and B show that when the neighboring letter was similar to the target letter, there was no significant effect from font rendering in the left periphery, but there was a significant difference between RGB-CT and BGR-CT in the right periphery. Note that their confidence intervals are large because of the lower number of cases (1/5 of dissimilar cases). Fig. 5C and D show that with dissimilar neighbors, similar effects of font rendering were obtained from left and right periphery respectively, but with smaller confidence intervals. Note that the response accuracy was much higher for all conditions with dissimilar neighbors. This suggests that neighbor similarity had an effect on the ability of identifying the middle letter, but did not interact with the TCA effect on affecting letter recognition.
Choice probability analysis
Valid measurement of response accuracy in the present study was dependent upon the subject carefully determining whether the middle letter was the same as the subsequent comparison letter. Individual subjects might have had a tendency to respond with a yes (false positive) or no (false negative) when they were not certain about the identity of the letter. To examine this, we plotted the relationship between correct hits and false alarms for all subjects for trials with different font renderings and letter positions. Choice probability (CP) values for each condition for each subject were calculated based on the amount of deviation from the unity line (correct hits = false alarm), to indicate how sensitive the subjects were to the stimulus (see Section 2). Systematic guessing should lead to a CP value equal to 0.5. Fig. 6A and B show the plots for correct hits and false alarms with narrow spacing, with each point representing the performance of a subject with a specific rendering method. They show that most subjects' performance reflected good decision-making instead of guessing. More individuals show greater deviation from the unity line with BGR-CT than RGB-CT in the left periphery (Fig. 6A) , and the opposite in the right periphery (Fig. 6B) . Fig. 6C shows the mean CP values for all subjects. The lack of overlap between bars indicates a significant difference in the mean CP values. It confirms that in the left periphery, there was greater overall sensitivity for BGR-CT letters than RGB-CT letters. With the target positioned to the right, the opposite was observed. Fig. 7A reveals no difference in sensitivity between different font renderings in the left periphery with wide spacing. Fig. 7B shows a significant effect from font rendering on response sensitivity in the right periphery with wide spacing, with the BGR-CT condition showing an overall smaller deviation from the unity line than RGB-CT condition. Fig. 7C confirms that the CP is much higher for RGB-CT than BGR-CT in the right periphery. Taken together, these findings clearly suggest that subjects decided on the identity of the middle letter in the string based on the available visual information, rather than purely guessing. TCA affects the ability to rec- ognize near-foveally presented letters and this effect is magnified by narrower letter spacing. This effect was relatively consistent across subjects. & Rayner, 1975; Rayner, 1975) , our subjects' ability to recognize letters in the left periphery was worse than in the right periphery, as indicated by the results from the B&W condition in Fig. 4 . This asymmetry could have resulted from the tendency for the subjects to attend more closely to letters presented on the right, or it could have resulted from greater TCA in the left. If the asymmetry resulted purely from attention distribution rather than TCA, this asymmetry should be removed by measuring the amount of change in the percentage of response accuracy relative to the baseline condition (B&W) in left and right periphery. Fig. 8 shows the ratios of change in response accuracy for each subject when presented with BRT-CT or RGB-CT letters in the left (Y axis) or right (X axis) periphery. The figure shows that RGB-CT letters had a greater effect in the right periphery (t(30) = 3.15, p = .003). In contrast, BGR-CT letters led to a large increase in the ratio of change in the left periphery (t(30) = 3.221, p = .004). No such asymmetry was found for RGB-CT letters presented in the left periphery. These suggest the existence of asymmetry in the response accuracy in the left and right periphery even after the effect of attention was removed.
Asymmetry of TCA effect
Consistent with previous findings (McConkie
In addition, the TCA effect appears to be consistent across subjects, with few exceptions. As shown in Fig. 8 , only 2 of 33 subjects showed slight increase in response accuracy even when BGR letters were displayed in the right periphery and a decrease in accuracy is expected. Only 3 of 33 subjects showed decreased response accuracy when RGB letters were displayed in the right periphery and an increase in accuracy is expected. However, in the left periphery, 4 (BGR) and 17 (RGB) out of 33 subjects showed a TCA effect inconsistent with the predictions, as shown by the data points located below (for BGR-CT) and above (for RGB-CT) the horizontal meridian. Furthermore, only 2 out of 33 subjects had the TCA effect opposite to the predictions in both peripheries. It appeared that the TCA effect is consistent across subjects, but deviated from the prediction in the left periphery, especially when RGB letters were presented.
Discussion
The present study found that color fringe on the horizontal edges of letters significantly affected the accuracy of letter recognition in the near fovea (1°eccentricity). Color fringing opposite to the expected TCA fringing facilitated letter recognition, i.e. RGB-CT letters in the right periphery or BGR-CT in the left. Conversely, color fringing consistent with the expected TCA impeded letter recognition, i.e. RGB-CT letters in the left periphery or BGR-CT in the right.
Furthermore, the TCA effect appeared to interact with letter spacing but not letter similarity. Narrower letter spacing resulted in a greater TCA effect than did wider spacing. The TCA effect did not vary for similar and dissimilar neighboring letters; although response accuracy was generally higher with dissimilar neighboring letters. Together, these findings suggest that TCA significantly diminishes one's ability to process text in the near fovea; not only by further reducing the near foveal acuity for individual letter processing, but also by exacerbating lateral interference from adjacent letters by crowding the space between them.
One of the critical questions raised in this study is whether TCA in near fovea is significant enough to reduce one's ability to recognize letters, as the expected size of TCA is small and there are large discrepancies between theoretical predictions and experimental observations (Thibos, 1987; Thibos et al., 1987 Thibos et al., , 1990 . The other question is whether individual differences play a role in determining the TCA effect in letter recognition, as previous studies have shown that the TCA effect on near foveal visual acuity varies greatly across individuals (e.g., Rynders et al., 1995) . Our results show an overall significant TCA effect in the near fovea for most subjects. Most of the TCA effects measured here are consistent with our predictions, except the lack of consistent TCA effect when RGB-CT letters were presented in the left periphery.
An individual's ability to recognize a word has been broadly explained by an interactive model of signal processing (McClelland & Rumelhart, 1981) . Based on this model, the accuracy and latency of letter identification is affected by adjacent letters within the same word (Johnson & McClelland, 1980) . These studies show that degraded letters within a high frequency word facilitate recognition of the whole word, but impede identification of individual letters. The latter effect is thought to result from lateral interference created by the features of neighboring letters. A recent study in our laboratory has shown that the threshold is lower for identifying a letter in the fovea when the letter is presented alone, rather than when it is embedded in a word, consistent with the hypothesized lateral interference (Tai, Sheedy, & Hayes, 2006) . This lateral interference is reduced when inter-letter spacing is wider. Similarly, the present study suggests that lateral interference reduces ability to recognize a letter within a letter string in the near fovea. More importantly, our results show TCA effect was magnified by the level of lateral interference. Therefore, in order to determine functional visual acuity in the near fovea for everyday tasks, the context within which the visual acuity is measured should be considered. Traditional measures of visual acuity provide little insight on this type of contextual influence, and how TCA might affect visual acuity under such instances.
It is well established that when reading English, the reader has a visual span for text processing that is not laterally symmetric to the fovea, but instead is greater to the right (McConkie & Rayner, 1975 , 1976 Rayner, 1975) . This has been chiefly attributed to unevenly-allocated visual attention (Morrison, 1984; Reichle, Rayner, & Pollatsek, 2004) . Our present results are consistent with this finding, demonstrating that response accuracy is better in the right periphery in the control condition with B&W letters. After removing the likely attentional effect, however, we found that the TCA effect in the left periphery is still not symmetric; rather, the rate of increase in response accuracy for RGB-CT letters in the right periphery was larger than the rate of decrease for RGB-CT letters in the left periphery (see Fig. 8 ).
The asymmetry in the effect of RGB-CT letters might result from the different ability to recognize letters in the left and the right periphery. In the right periphery visual acuity is better (e.g., lower neural resolution limit) so that TCA is more likely to significantly affect letter recognition; in the left periphery, the ability to identify letters is worse and near the floor, and TCA does not further reduce this ability. Therefore, RGB-CT letters in the right periphery were able to cancel out the TCA effect, consequently facilitating the ability of letter recognition; little reduction in response accuracy was generated by the additional color fringe in the left periphery.
If the horizontal asymmetry results from neural resolution limit rather than attention, such asymmetry should be attenuated or absent when comparing the difference in the vertically oriented TCA on identifying vertically placed letters. However, reading vertically oriented English letters likely is much more demanding and its results difficult to be applied to typical reading processes. Nevertheless, this would be an interesting topic for future studies, such as one that probes the effect of TCA on reading performance in Chinese reading, which can be done either horizontally or vertically.
The effect of GS rendering on letter recognition was quite surprising and not consistent with our predictions: we expected GS to improve letter recognition in both peripheries and not be affected by TCA. However, we found that subjects had similar asymmetric performance in recognizing GS and BGR letters, namely significant increase in response accuracy in the left periphery and decrease in the right periphery. This result should not result from TCA, as there was no color fringing in GS font; rather, it is likely due to the anti-alias rendering (smoothing) technique that improves text appearance but reduces the integrity of letter contour. Based on the hypothesis that in the right periphery the neural resolution is better, the aliasing did not interfere with letter recognition and the anti-aliasing GS consequently resulted in no change in response accuracy; GS likely reduced text contrast due to the low neural resolution limit and therefore interfered with letter identification. This would result in a net negative effect on letter recognition. In contrast, in the left periphery the ability to recognize a letter is worse due to the higher neural resolution limit. Anti-aliased GS letters improved letter recognition in spite of the reduced text contrast. The similar change in response accuracy with BGR letters therefore could have also resulted from the anti-aliasing effect rather than color fringing. Note that RGB letters resulted in little change in response accuracy in the left periphery. It is possible that both the color fringe of RGB and BGR letters did not result in significant change in visual acuity in the left periphery, due to the higher neural resolution limit there.
In the present study, we utilized only one commonly used font size (11 point). However, it is clear that the effect of TCA on visual acuity also depends on the ratio of the amount of TCA generated at different eccentricities to the size of the image. The same amount of TCA (e.g., 1/3 pixel displacement at 2.8°eccentricity) would create a larger ratio of smearing effect to a letter image with a smaller font size. Therefore, the improvement in letter recognition due to the color fringe should be greater for smaller font sizes. Conversely, our earlier findings showed that individuals tend to have a lower size foveal threshold in identifying CT letters than B&W text displayed on a computer screen (Tai et al., 2006) . Therefore, there appears to be a greater benefit in adopting CT text display for smaller font sizes.
Note that CT letters have slightly smaller inter-letter spacing than B&W (the control condition) even when they had the same spacing condition, due to the additional color fringe. Conversely, the current findings show that smaller inter-letter spacing appeared to enhance the TCA effect. Therefore, it is possible that the smaller spacing for CT letters relative to B&W letters exaggerated the observed reduction in response accuracy when the TCA was opposite to the orientation of color fringe, and underestimated the improvement in response accuracy when the TCA was consistent with the orientation of color fringe. In line with these predictions, we found that the reduction in response accuracy was larger for BGR letters than the increase in accuracy for RGB-CT letters in the right near fovea, as shown in Fig. 4 . However, this pattern was not observed in the left periphery, as the increase in response accuracy for BGR-CT letters was greater than the decrease in accuracy for RGB-CT letters. Therefore, although there was a slight difference in the physical extend between CT and B&W letters, our observations on TCA effect in the near fovea does not appear to be fundamentally invalidated by this difference.
To conclude, the present findings show that TCA significantly affects the ability to recognize a letter in the near fovea. The accuracy of letter recognition in the right near fovea can be significantly increased if the orientation of color fringe is in RGB, and such improvement is greater if the inter-letter space is small. The same RGB-CT text however does not significantly decrease response accuracy in the left near fovea. Our findings therefore suggest that RBG-rendered text might optimally enhance individual's ability to read text displayed on a computer screen.
